Grain boundary engineering (GBE) primarily aims to prevent the initiation and propagation of intergranular degradation along grain boundaries by frequent introduction of coincidence site lattice (CSL) boundaries into the grain boundary networks in materials. It has been reported that GBE is effective to prevent passive intergranular corrosion such as sensitization of austenitic stainless steels, but the effect of GBE on transpassive corrosion has not been clarified. In the present study, a twin-induced GBE utilizing optimized thermomechanical processing with small pre-strain and subsequent annealing was applied to introduce very high frequencies of CSL boundaries into type 304 austenitic stainless steels containing different phosphorus concentrations. The resulting steels showed much higher resistance to transpassive intergranular corrosion during the Coriou test, in comparison with the as-received ones. The high CSL frequency resulted in a very low percolation probability of random boundary networks in the over-threshold region and remarkable suppression of intergranular deterioration during GBE.
Introduction
Intergranular degradation often limits the lifetime and reliability of polycrystalline structural materials. In spite of persistent efforts to prevent such degradation, its complete suppression has not yet been achieved. Grain boundary studies have revealed that grain boundary phenomena strongly depend on the grain boundary structure and character. [1] [2] [3] [4] [5] It is generally accepted that low-energy boundaries such as coincidence site lattice (CSL) boundaries, are highly resistant to deterioration, as contrasted with high-energy boundaries such as random boundaries. The concept of "grain boundary design and control" 6) has been developed and refined as grain boundary engineering (GBE). 7) GBE primarily aims to prevent the initiation and propagation of intergranular degradation along random boundaries by frequent introduction of CSL boundaries into the grain boundary networks in materials. Recent GBE investigations [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] have been promoting a new innovative approach for suppression of the intergranular degradation phenomena such as intergranular cracking, intergranular corrosion, etc., which can lead to destruction of polycrystalline material structures before their design service life. Many GBE investigations have dealt with face-centered cubic materials with low stacking fault energy which leads to frequent generation of annealing twins. Suitable thermomechanical processing increases the frequency of CSL boundaries and results in a desirable grain boundary character distribution (GBCD) with disconnected random boundaries being produced in the material by twin-emissions and boundaryboundary reactions during annealing. 11, 15) Optimized GBCD has demonstrated a high resistance to intergranular corrosion due to sensitization in austenitic stainless steels. 11, [15] [16] [17] A recent review 18) of the twinning-related GBE introduced many grain boundary engineered materials (GBEMs) which showed improvement in properties. The review states that the highest frequency (87 %) of CSL boundaries in structural materials was achieved by the GBE of a 304 austenitic stainless steel.
11) The GBEM of 304 stainless steel also has an advantage in that the high CSL frequency was obtained by one-step thermomechanical processing, in contrast with the other GBE processes 1, 3, [7] [8] [9] [10] which require several iterations of strong strain plus annealing for favorable GBCD or improvement of material properties. Michiuchi et al. 15) have also reported that one-step thermomechanical processing introduced a high frequency of CSL boundaries into 316 austenitic stainless steel and consequently decreased the susceptibility to intergranular corrosion significantly. Intergranular corrosion of stainless steels can be divided into passive and transpassive corrosion, depending on the electrode potential region of the environment. 19, 20) The previous studies have demonstrated that GBE is effective for preventing intergranular corrosion at passive potentials by sensitization due to intergranular carbide precipitation in 304 and 316 austenitic stainless steels. 11, 15, 16) Meanwhile, intergranular corrosion possibly occurs for stainless steel due to the preferential dissolution of phosphate and/or phosphorus segregated at grain boundaries under corrosion environment at transpassive potentials. [21] [22] [23] [24] [25] [26] [27] GBE may probably be also effective to suppress the transpassive intergranular corrosion of austenitic stainless steels. The present study aimed to examine the effect of GBE on the transpassive intergranular corrosion of type 304 austenitic stainless steels containing different concentrations of phosphorus.
Experimental Procedures
The chemical compositions (mass%) of two 304 austenitic stainless steels used in the present study are shown in Table 1 . One of them was an ordinary commercial 304 stainless steel containing 0.027 % phosphorus, termed "high-P". The other one was specially prepared to contain a low phosphorus concentration of 0.001 %, termed "low-P". The as-received 304 steels were solution heat treated at 1 323 K for 0.5 h, and termed base materials (BMs). The BMs, 6ϫ10ϫ40 mm 3 in size, were thermomechanically processed by a one-step, pre-strain plus annealing process at the similar parameters to the previous study, 11) i.e., cold-rolling by 5 % reduction in thickness and subsequent annealing at 1 220 K for 72 h followed by quenching in cold water.
The frequency of CSL boundaries and GBCD were analyzed by electron backscatter diffraction (EBSD) using a field emission scanning electron microscope (SEM). The frequency of CSL boundaries was cited as a percentage by length on the cross section. Brandon's criterion 28) was adopted for the critical deviation in the grain boundary characterization. 29) Although the relationship between the grain boundary energy and the S-value is not simple depending on the grain boundary plane, etc., the present authors reported that the grain boundaries with SՅ29 CSL misorientations were prone to show higher resistance to intergranular carbide precipitation and corrosion than the other grain boundaries in a sensitized 304 austenitic stainless steel. 5, 30, 31) Therefore, in the present study, grain boundaries with SՅ29 were classified as CSL boundaries with low-energy, the others being classified as random boundaries with high energy.
Transpassive intergranular corrosion susceptibility was assessed by the Coriou test 21, 27) to measure the weight loss of the specimens after they were immersed in a boiling 5 mol/L HNO 3 ϩ0.15 mol/L Cr 6ϩ solution for 10 h, 20 h and 30 h. Before the Coriou test, specimens were heat treated for 24 h at a temperature of 973 K to enhance phosphide precipitation, and then all surfaces of the specimens had been polished with #400 emery paper. After ultrasonic cleaning and drying, the surface area and weight of the specimens were measured with a precision of 0.0001 mm 2 and 1 mg, respectively. The average corrosion rate was calculated by the weight loss of unit surface area in unit time (g/m 2 · h) during every duration of Coriou test. The surface and cross-sectional microstructures of corrosion-tested specimens were observed by optical microscopy (OM).
Results and Discussion

Production of GBEM by Thermomechanical Processing
The previous study 11) has demonstrated that a specific one-step GBE process with slight strain plus anneal resulted in an optimized GBCD with a uniform distribution of a high frequency of CSL boundaries in a type 304 stainless steel. The same GBE process with similar parameters to those of the previous study 11) was applied to the high-P and low-P BMs in the present study and achieved optimum GBCDs by 5 % pre-strain annealing at 1 220 K for 72 h in the specimens which are termed as GBEMs in this paper. GBEMs of high-P (a, b) and low-P (c, d) materials. Average grain sizes including all boundaries in Fig. 1 are 19 mm, 34 mm, 21 mm and 40 mm, for high-P BM (a), high-P GBEM (b), low-P BM (c) and low-P GBEM (d) materials, respectively. The random boundaries drawn by black lines were well connected in the BMs (Figs. 1(a) and 1(c)), while their connectivity was remarkably disrupted by CSL boundaries drawn by gray lines in the GBEMs (Figs. 1(b) and  1(d) ). The frequencies of CSL boundaries were about 64 % in the high-P BM and about 60 % in the low-P BM, while about 84 % in the high-P GBEM and about 82 % in the low-P GBEM. The GBE process with the optimum parameters could reproduce the discontinuous random boundary network and higher frequency of CSL boundaries than 82 % in the type 304 stainless steels. 16 ) Figure 2 shows the fractions in length of S CSL boundaries for BMs and GBEMs of high-P (a, b) and low-P (c, d) materials. Higher fractions of S3 and S9 boundaries in GBEMs than those in BMs in Fig.  2 suggest frequent formation of annealing twins and active twin-twin reactions during the thermomechanical processing for GBE.
Effect of GBE on Transpassive Intergranular
Corrosion The Coriou test was carried out to examine the transpassive intergranular corrosion resistance of the BMs and the GBEMs of high-P and low-P materials. Intergranular corrosion propagates along grain boundaries and causes massloss due to grain dropping from the material surface. The results of the Coriou tests for different durations (10 h, 20 h, 30 h) are shown in Fig. 3 . Although the corrosion (massloss) rate increased with the test duration in each of the specimens and was higher in high-P material than in low-P one, it should be noted that the corrosion rate was much lower for the GBEM than for the corresponding BM, except in low-P material for the shortest test duration of 10 h (Fig.  3(a) ).
The surface and cross-sectional (perpendicular to coldrolling direction) microstructures after the Coriou tests for 30 h were observed by OM, as presented in Fig. 4 for BM and GBEM of high-P material and in Fig. 5 for BM and GBEM of low-P material. Although intergranular corrosion is more or less seen on the surfaces of all the specimens (Figs. 4(a) , 4(b), 5(a) and 5(b)) and the cross-sectional observations show more significant grain-dropping in high-P specimens (Figs. 4(c) and 4(d) ) than in low-P ones (Figs. 5(c) and 5(d)), it should also be noted that much less graindropping is seen for the GBEM (Figs. 4(d) and 5(d) ) than 
Fig. 3. Corrosion rates of BMs and GBEMs of high-P and low-P materials during Coriou test for 10 h (a), 20 h (b) and 30 h (c).
for the BM (Figs. 4(c) and 5(c)) in each of high-and low-P materials. These results suggest that GBE is effective to suppress transpassive intergranular corrosion as well as passive one such as sensitization in 304 austenitic stainless steel. Figure 6 shows optical microstructures (OM) and EBSD-GBCD maps in cross sections of BM (a, b) and GBEM (c, d) of high-P material after the Coriou test for 20 h. The EBSD-GBCD maps (Figs. 6(b) and 6(d)) suggest that the intergranular corrosion tends to propagate preferentially along random boundaries indicated by black lines and to be arrested by CSL boundaries indicted by gray lines (some of the S-values are indicted in the figures), and that the high frequency of CSL boundaries in GBEM resists effectively to the corrosion propagation ( Fig. 6(d) ) in comparison with the relatively low frequency of CSL boundaries in BM (Fig. 5(b) ).
11)
Percolation of Random Boundaries in GBEM
The production mechanism of the high CSL frequency in GBEM during thermomechanical processing has been examined in previous studies. 11, 15) Active annealing twin events and reactions introduce a large number of lowenergy segments into the initial random boundary network, 11, 15) and simultaneously, as compared with random boundaries, CSL boundaries are structurally more stable and less reactive with lattice dislocations and other boundaries. 32, 33) These complex reactions may increase the frequency of CSL boundaries during the twin-induced GBE. 15) Consequently, the GBEM includes a number of S3 n CSL boundaries where n is integer. The high CSL frequency in GBEM resulted in remarkable prevention of intergranular corrosion, as shown in Fig. 3 . It should be quantified how high CSL frequency must be for effective suppression of intergranular degradation by twin-induced GBE.
The percolation theory is often used in the discussion of intergranular degradation phenomena. [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] Typically, intergranular corrosion preferentially propagates from the surface into the interior of the material along the random boundaries. The resistance by GBE to intergranular corrosion depends on the degree of connectivity of random boundaries, i.e., less connectivity is more desirable. The degree of connectivity can be quantified using the percolation theory with a cluster of random boundaries. 34, 35) Schuh et al. 34) reported that the maximum length of the random boundary cluster (D max ) is a microstructural predictor of material performance when random boundaries dominate material properties. The ratio of the D max to the total length of the random boundaries can be approximately regarded as two-dimensional (2-D) percolation probability of random boundaries. 44) In the present study, the D max and total length of random boundaries were measured in a 2ϫ2 mm 2 EBSD-GBCD map taken from each thermomechanically processed high-P 304 stainless steel in the same way as in the previous study with 316 steel. 15) More than 1 000 grains were observed in each of the specimens using the EBSD-GBCD map, so the corresponding number of grain boundaries were sampled for statistical discussion.
34) The length ratio as percolation probability is shown in relation to the CSL frequency in Fig. 7 . This figure suggests that the 2-D percolation threshold is approximately 70 % of the CSL frequency and that obviously low percolation is achieved over the threshold in the 2-D GBCD during the present GBE with 304 stainless steel. Previous studies 15, 45) have also reported a CSL frequency of around 70 % for the 2-D percolation threshold in austenitic stainless steels (70 % in 304L steel 45) and 72 % in 316 steel 15) ). Monte Carlo simulation studies have dealt with grain boundary percolation. [35] [36] [37] Wells et al. 36) estimated that two-and three-dimensional (3-D) percolation thresholds of susceptible grain boundary clusters in an austenitic stainless steel are about 35 % and 77 %, respectively, in the frequency of susceptible grain boundaries on the basis of the simple binary random bond percolation theory. The 2-D percolation threshold of about 70 % in the present study is much higher than 35 %. Random bond percolation, however, cannot be simply applied to twin-induced GBE because the GBCD produced by twin-induced GBE is under crystallographic constraints at triple junctions according to the S-product rule. 46) Schuh et al. 35) showed that as compared with randomly assembled networks, about 50-75 % more resistant boundaries will be required to fragment the susceptible grain boundaries in 2-D GBCD when the Sproduct rule is adapted to the simulation, which accepts the 2-D percolation threshold of 70 % CSL frequency in 304 stainless steel (Fig. 7) . Frary et al. 41) estimated the 3-D percolation threshold in crystallographic constrained grain boundary networks to be 80 % in CSL frequency for the twinned microstructure where S3 n CSL boundaries are special. The high CSL frequencies over 82 % in the present 304 GBEMs exceeded the threshold, even considering that it included about 2 % of non-S3 n CSL frequency (SՅ29). However, it should be noted that the frequency of CSL boundaries is somewhat higher than that of corrosion-resistant boundaries because the CSL boundaries did not always resist corrosion well in the 304 GBEMs as generally mentioned by Randle. 47) Therefore, Coriou tests were carried out to experimentally evaluate whether the frequency of transpassive intergranular corrosion-resistant boundaries in the 304 GBEMs exceed the threshold.
The experimental corrosion-test results, as shown in Figs. 3-6 , reflect the 3-D percolation of susceptible grain boundaries in the BMs and GBEMs of 304 steels with highand low-P concentrations. The large corrosion rate (Figs.  3(b) and 3(c) ) due to the deep intergranular penetration (Figs. 4(c) and 6(a) ) in the BM can be explained as being due to the very high percolation probability at 60-64 % of CSL frequencies as the pre-thresholds for 304 steel in Fig.  7 , while the much lower corrosion rate (Fig. 3) due to the less grain-dropping (Figs. 4(d) and 6(c)) in the GBEMs may have resulted from the low percolation probability at 82-84 % of the CSL frequency, which is an over-threshold value in Fig. 7 . Our previous studies on GBE of 304 and 316 stainless steels demonstrated that a CSL frequency over 85 % resulted in excellent resistance to intergranular corrosion due to sensitization. 11, 15) The present study on GBE of 304 stainless steels with different P concentrations revealed that a CSL frequency over 82 % is also significantly effective to suppress transpassive intergranular corrosion. These experimental results for austenitic stainless steels support the theoretical estimation by Frary et al. 41) that the 3-D percolation threshold of random boundaries is 80 % of the CSL frequency in austenitic stainless steels. A CSL frequency of over 80 % may assure the very low percolation probability of random boundary networks in the over-threshold region, as well as remarkable suppression of intergranular deterioration during twin-induced GBE of austenitic stainless steels. Although consideration of grain boundary planes 47, 48) and other factors may probably give the precise frequency of corrosion-resistant boundaries, the frequency of CSL boundaries is an available and statistical parameter to evaluate the degree of GBE at present.
Conclusions
Optimized one-step thermomechanical-processing of 304 austenitic stainless steels containing different phosphorus concentrations produced 304 GBEMs with a high CSL frequency over 82 %. The GBEMs demonstrated much higher resistance to transpassive intergranular corrosion than the corresponding BMs during the Coriou test. A CSL frequency of over 80 % may assure very low percolation probability of random boundary networks in the over-threshold region and remarkable suppression of intergranular deterioration during twin-induced GBE of 304 austenitic stainless steels.
